The role of catecholamines in cellular iron homeostasis is not understood. Results: Epinephrine and norepinephrine up-regulate transferrin receptor-1, inhibit ferritin expression, and increase mitochondrial iron content in hepatic and skeletal muscle cells. Conclusion: Catecholamine stress hormones are novel regulators of cellular iron homeostasis. Significance: Catecholamines may act to increase cellular iron content to meet an increased demand during stress.
Iron is one of the most essential micronutrients required for the body to maintain energy homeostasis (1) . It participates in many enzymic electron transfer reactions due to its redox nature; however, it may generate the potentially dangerous hydroxyl radical in the presence of reactive oxygen species (ROS) 3 (2) . Thus, iron homeostasis genes are tightly regulated mostly at the posttranscriptional level in mammalian cells (3) . During cellular iron demand, transferrin receptor 1 (TfR1) expression is increased by an mRNA stability mechanism due to binding of iron regulatory proteins (IRPs) to multiple iron regulatory elements (IRE) present in its 3Ј-UTR. Simultaneously, expression of the iron storage protein ferritin (Ft) is inhibited by a translational mechanism due to binding of IRPs to a single IRE present in 5Ј-UTR of ferritin to satisfy the other cellular iron demand essential for maintaining homeostasis. Among two cytosolic IRPs, IRP1 is an Fe-S cluster containing bifunctional protein. It binds IRE-containing mRNAs in iron-depleted cells or acts as a cytosolic aconitase (ACO1) in iron-repleted cells (4) . Other than iron depletion, ROS and NO also convert ACO1 into IRP1 (5) (6) (7) . Unlike IRP1, IRP2 is devoid of Fe-S cluster or aconitase activity and mainly regulated due to the alteration of cellular iron pool by a posttranslational protein stability mechanism (8) . A recent finding suggests that IRPs also influence mitochondrial iron homeostasis and function in hepatocytes (9) .
In mammals, various psychosocial and physical stresses activate the peripheral sympatho-adrenomedullary and central catecholaminergic systems to elevate secretion of epinephrine (EPI) and norepinephrine (NE) in the circulation. These stress hormones, more commonly known as catecholamines, trigger a series of biological reactions, including increased rate of energy metabolism (10, 11) , to prepare the organism to overcome or to adapt to the stressful events. During chronic or acute stress, EPI/NE concentration could be elevated up to 80 -100 times in plasma as compared with 3-5 nM EPI/NE in normal condition (12) (13) (14) . Skeletal muscle cells may be exposed to a far higher concentration of catecholamines as they are present abun-dantly in neuromuscular junctions that connect the nervous system to the muscular system. It is estimated that perisynaptic catecholamine concentrations are in the range of 30 -400 M (15, 16) , whereas within the synaptic cleft, they may reach up to mM concentrations (16) . Catecholamines enhance glycogenolysis in the liver to increase glucose release in the bloodstream to compensate the extra glucose consumption by various organs, including brain, heart, and muscles, for enhanced ATP production. During stress response, a 40% increase in energy expenditure was reported in skeletal muscles alone (17) . Because ratelimiting enzymes of energy-generating pathways such as the TCA cycle and mitochondrial electron transport chain are dependent on iron (18) , during stress conditions leading to higher catecholamine release, there should be an alteration in cellular iron requirement in targeted cells. However, so far, not much has been explored to understand cellular iron homeostasis during catecholamine exposure.
Here we show that EPI and NE promote IRE-IRP interaction in ROS-sensitive mechanism to regulate TfR1 mRNA stability and ferritin translation in the liver and muscle cells to increase mitochondrial iron content. This study establishes EPI and NE as novel regulators of iron homeostasis in hepatic and muscle cells.
EXPERIMENTAL PROCEDURES
Cell Culture-The human hepatoma HepG2 cell and mouse skeletal muscle C2C12 cell were grown at 37°C in 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine. Cells (50 -60% confluence) were treated with either (Ϫ)epinephrine bitartrate salt (Sigma) or (Ϫ)-norepinephrine bitartrate salt (Sigma) in serum-free conditions. Animals-BALB/C mice (22-25 g) were housed three per group, in a room (22 Ϯ 5°C) with an alternating 12-h light-dark cycle. Food and water were available ad libitum. Catecholamines were dissolved in ice-cold vehicle (0.9% NaCl containing 18 mg liter Ϫ1 ascorbic acid) immediately before administration and protected from light to minimize oxidation. The mice were injected intraperitoneally with vehicle only, 0.05 mg kg Ϫ1 of epinephrine or norepinephrine. Mice were sacrificed (6 h); livers and skeletal muscles were collected for further processing. Animals were treated according to guidelines of the Institutional Animal Ethics Committee.
Isolation of Mitochondrial and Cytosolic Extracts for Aconitase Assays-Cytoplasmic and mitochondrial fractions were isolated as described previously (19, 20) . Briefly, cells and tissues were kept in ice-cold buffer containing 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, 20 mM HEPES (pH 7.4), and 1ϫ protease inhibitor cocktail (Roche Diagnostics). Tissues were homogenized with a Potter-Elvehjem system. Cell suspension and tissue homogenates were passed through a 30-gauge needle 10 -12 times and subjected to centrifugation at 2,000 ϫ g for 5 min at 4°C to separate the nuclear fraction. Supernatants were again centrifuged at 10,000 ϫ g for 15 min, and then the cytoplasmic fraction was collected, leaving the mitochondrial pellet intact. The pellet was suspended in buffer containing 0.2% Triton X-100, 100 mM NaCl, and 100 mM Tris-HCl (pH 7.5) for 20 min on ice and centrifuged at 10,000 ϫ g for 15 min. The purity of the mitochondrial fraction was determined by immunoblotting with GAPDH antibody (Santa Cruz Biotechnology), and the presence of mitochondrial fraction was confirmed by using a porin antibody (Santa Cruz Biotechnology). Protein concentration was estimated by protein assay reagent (Bio-Rad). The aconitase activity was determined in respective cellular fractions by monitoring the disappearance of cis-aconitate at 240 nM at 25°C for 20 min as described previously (19, 20) .
Estimation of Mitochondrial Iron-Mitochondrial suspension (10 l) was mixed with 90 l of 10% HCl ϩ 10% TCA and incubated overnight at 45°C as described earlier (9) . The samples were centrifuged for 10 min at 10,000 ϫ g, and the supernatant was incubated for 10 min with 5 volumes of 3 M sodium acetate, 0.01% bathophenanthroline-disulfonic acid, and 0.1% thioglycolic acid. The optical density was measured at 535 nm after 15 min. For each sample, the blank absorbance was determined by omitting the bathophenanthroline chromogen. The amount of iron was inferred from the serial dilution of a standard iron solution (iron atomic spectroscopy standard, Fluka).
Western Blot Analysis-Cell lysates were prepared from untreated and treated cells as described elsewhere (19) . Tissue lysates were prepared by homogenization with a Potter-Elvehjem system in a lysis buffer containing 50 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 0.5% Nonidet P-40, and 1ϫ protease inhibitor cocktail and subsequent centrifugation at 10,000 ϫ g for 15 min. To determine the IRP1 and IRP2 expressions, cell lysates/ cytosolic extracts were prepared in buffer containing 0.5 mM DTT. Immunoblot analysis was performed using supernatants (40 g). Antigens were detected using mouse monoclonal anti-TfR1 (Invitrogen), anti-ferritin-H, and anti-aconitase 2 (both from Cell Signaling), and anti IRP1/2, anti-GAPDH, anti-porin, anti-ferroportin, and anti-actin antibodies (all from Santa Cruz Biotechnology). Immunoreactive bands were detected with HRP-conjugated secondary antibodies using ECL (Amersham Biosciences).
RNA Isolation and Real-time Quantitative PCR Analysis-Cells or tissues, washed with ice-cold phosphate-buffered saline, were lysed in TriPure (Roche Applied Science), and total RNA was isolated according to the manufacturer's specifications. Total RNA (2 g) was reverse-transcribed at a final volume of 20 l by using the High-Capacity cDNA reverse transcription kit (Applied Biosystems). Two l of the RT products were amplified and quantified in the Applied Biosystems 7500 fast real-time PCR system by using SYBR Green real time PCR master mix (Applied Biosystems) and gene-specific primers (TfR1: 5Ј-GCT TGA AGA TCG TTA G-3Ј and 5Ј-CTA ACA CAG TAA AGG TC-3Ј; Ft-H, 5Ј-CGT TCT CGC CCA GAG TCG CC-3Ј and 5Ј-ACC GTG TCC CAG GGT GTG CT-3Ј; and actin, 5Ј-GAC ATG GAG AAG ATC-3Ј and 5Ј-GAA TGT AGT TTC ATG-3Ј. Actin levels were used as the endogenous controls. To examine the identity of the PCR, the product melting curve was analyzed regularly. PCR products were also verified on agarose gel to examine the correct size of the PCR products. Relative gene expression was calculated using the comparative CT method formula: relative quantification ϭ 2 Ϫ⌬⌬CT .
Reporter Construct Preparation and Reporter Assay-A 536-bplong 5Ј-flanking region of TfR1 (Ϫ491 to ϩ 45 of transcription start site) was cloned upstream of the luciferase gene in the reporter vector pGL3-basic. Similarly, 5Ј-UTR of the Ft-H chain containing the single IRE sequence was PCR-amplified and cloned upstream of the luciferase gene in the pGL3-control vector. All constructs were verified by sequencing. TfR1 promoter or Ft-H-IRE construct (1 g) was transfected into HepG2 cells using FuGENE 6 (Roche Applied Science). To monitor transfection efficiency, a reporter gene construct (0.25 g) containing ␤-galactosidase downstream of a CMV promoter was also co-transfected simultaneously. After recovery, cells were incubated with catecholamines in serum-free medium. Luciferase activity was examined in cell extracts using the luciferase assay kit (Promega) and normalized to ␤-galactosidase activity (Invitrogen).
Preparations of Cytosolic Extracts and RNA Gel-shift Analysis-RNA gel-shift analysis for TfR1-IRE was performed using cytosolic extracts as described earlier (19, 21, 22) . RNA-protein complexes were analyzed in a 5% non-denaturing PAGE, and gels were dried followed by autoradiography.
Ferritin IRE containing 28 nucleotides with a hairpin loop with an internal loop or bulge plays a crucial role in the binding of IRP1 and IRP2. It is well established that G18A point mutation of IRE abolishes the interaction with IRPs (23, 24) . For RNA-EMSA with ferritin IRE (Ft-IRE), double-stranded DNA template harboring a recognition sequence for T7 RNA polymerase followed by a ferritin IRE coding region was prepared by annealing the synthetic sense and antisense oligonucleotides using a strategy described earlier (25) . For that procedure, the following oligonucleotides were used. 1) To prepare wild type IRE coding DNA template, we used: sense WT, 5Ј-ATGT-AATACGACTCACTATAGGGCGATTTCCTGCTTCAA-CAGTGCTTGGACGGAAC-3Ј; and antisense WT, 5Ј-GTTC-CGTCCAAGCACTGTTGAAGCAGGAAATCGCCCTATA-GTGAGTCGTATTACAT-3Ј; 2) To prepare G18A mutant IRE coding DNA template, we used: sense mut, 5Ј-ATGTAATAC-GACTCACTATAGGGCGATTTCCTGCTTCAACAGTAC-TTGGACGGAAC-3Ј, and antisense mut, 5Ј-GTTCCGTCCA-AGTACTGTTGAAGCAGGAAATCGCCCTATAGTGAGT-CGTATTACAT-3Ј. The underlined sequences represent Ft-IRE sequence. The nucleotide sequences in italics represent T7 RNA polymerase binding sequence. In wild type Ft-IRE, the nucleotide G was shown as C in the antisense sequence in bold. The nucleotide G was replaced with A (shown as bold T in antisense sequence) for preparing mutated probe (Ft-IRE-mut).
These probes for RNA EMSA were prepared by in vitro transcription of the respective double-stranded templates in the presence of [␣-32 P]UTP (Board of Radiation and Isotope Technology (BRIT), Mumbai, India) by T7 RNA polymerase using an in vitro transcription kit (Roche Applied Science). Purified 32 Plabeled ferritin IREs were incubated with 10 g of cytosolic extracts in a binding buffer containing 10 mM Tris-Cl buffer (pH 7.6), 15 mM KCl, 5 mM MgCl 2 , 0.1 mM dithiothreitol, 10 units of RNase inhibitor, and 0.2 mg/ml yeast tRNA in a 30-l reaction volume. After a 15-min incubation in ice, 1 unit of RNase T1 was added for 10 min followed by 100 mg of heparin/ml of treatment for another 10 min. RNA-protein complexes were resolved on a 5% non-denaturing polyacrylamide gel at 120 V using 0.5ϫ Tris-borate-EDTA as the running buffer at 4°C. The gels were dried, and radiolabeled bands were detected by autoradiography.
To perform an RNA gel-shift assay with ferroportin (Fpn)-IRE, a pcDNA3 plasmid construct with a 267-nucleotide Fpn 5Ј-UTR containing an IRE was linearized and transcribed using an in vitro transcription kit (Roche Applied Science). Using 32 P-labeled Fpn-5Ј-UTR, an RNA gel-shift assay was performed. For that, 10 g of cytoplasmic extracts isolated from untreated and EPI/NE (30 M)-treated cells were incubated with radiolabeled Fpn-5Ј-UTR probe. RNA-protein complexes were resolved by 5% non-denaturing polyacrylamide gels, dried, and subjected to autoradiography.
Detection of Intracellular ROS Generation-Subconfluent HepG2 cells were treated with EPI/NE (30 M). The fluorescent probe, 2Ј,7Ј-dichlorofluorescein diacetate (DCFH-DA, 5 M), was used to monitor the intracellular generation of ROS as described earlier (21) . Briefly, cells were incubated with medium alone and EPI/NE for 10 min followed by the addition of DCFH-DA. After 20 min, cells were washed with 1ϫ PBS. The fluorescence intensities of cells were captured by Nikon upright fluorescence microscope model 80i and analyzed with the ImageJ software (National Institutes of Health).
Knocking Down of IRP1 by siRNA-HepG2 cells were transfected with the IRP1 siRNAs (IRP1 siRNA-1: SASI_Hs01_ 00138944 and IRP1 siRNA-2: SASI_Hs01_00138945) and transfected with control siRNA (SIC001) (10 nM) in 6/12-well plates using the N-TER TM nanoparticle siRNA transfection system as per the manufacturer's protocol (Sigma). After transfection, Western blot analyses were performed for IRP1 and actin as described before.
Statistical Analysis-All experiments were performed at least three times with similar results, and representative experiments are shown. Densitometric results are normalized with respect to internal controls and expressed relative to the results in untreated controls. Results are expressed as means Ϯ S.D.
RESULTS

EPI and NE Regulate TfR1 and Ft-H in Hepatic and Muscle
Cells-To determine the influence of EPI and NE on iron homeostasis, we examined the expressions of TfR1 and Ft-H in human hepatic HepG2 and mouse skeletal muscle C2C12 cells by Western blot analysis. In both cell types, TfR1 expression was increased with increasing concentrations (0 -30 M) of EPI or NE (Fig. 1, A-D) . We limited our study up to 30 M catecholamine treatment due to earlier reports of norepinephrine receptor-mediated NE transport in mammalian peripheral cells in this concentration (26, 27) . TfR1 expression was increased in HepG2 cells at a maximum of ϳ3.6-fold ( Fig. 1, A and B) and increased at a maximum of ϳ2.5-fold in C2C12 cells (Fig. 1 , C and D) by EPI or NE treatment. Similar EPI/NE treatment decreased Ft-H protein expression more than 70% as compared with untreated HepG2 and C2C12 cells ( Fig. 1, A-D) . We also determined the effect of catecholamines on expression of cellular iron exporter Fpn. We did not observe any alteration of ferroportin expression in response to EPI (0 -30 M) ( Fig. 1E ) or NE (data not shown). When BALB/C mice were injected with a single intraperitoneal dose of either EPI or NE, up to a 70% increase of TfR1 and an ϳ60% decrease in Ft-H expressions were detected in the liver as compared with placebo-injected mice (Fig. 1F ).
To understand the mechanism further, expressions of TfR1 and Ft-H transcripts were examined by qRT-PCR. EPI or NE treatment increased TfR1 mRNA in a concentration-dependent manner in both HepG2 and C2C12 cell types, whereas no significant change was detected for Ft-H mRNA (Fig. 2, A-D) . A comparable increase in TfR1 mRNA level with the increased protein level was detected in all conditions mentioned above. We observed a maximum increase in TfR1 mRNA level in NEtreated HepG2 cells between 8 and 16 h (data not shown). An ϳ1.9-fold increase in TfR1 mRNA level was detected in the liver and muscle of EPI-injected mice, whereas Ft-H transcript remained unaltered (Fig. 2, E and F) .
EPI and NE Regulate TfR1 and Ft-H at Posttranscriptional Level-To determine the mechanism of increase in TfR1 mRNA, we first examined its promoter activity in a reporter gene assay. TfR1 promoter region cloned in to pGL3 vector upstream of luciferase gene was transfected into HepG2 cells. Then transfected cells were treated with EPI/NE or hypoxia mimetic CoCl 2 , and a luciferase assay was performed in cell lysates after 16 h of treatment. No significant change in pro- moter activity was detected after EPI or NE treatment, but cobalt chloride increased promoter activity by more than 2.5fold in HepG2 cells (Fig. 3A) as reported earlier (28) . To verify the effect of EPI/NE on TfR1 mRNA stability, we measured its half-life in EPI-or NE-treated HepG2 cells. Initially, cells were either kept untreated or treated with EPI/NE (30 M), and after 6 h, all cells were treated with transcription blocker actinomycin D. RNA was isolated after 0, 1, 2, and 3 h of actinomycin D addition, and TfR1 mRNA expression was detected by qRT-PCR. Half-life of TfR1 mRNA in untreated cells was detected at about 2 h as reported earlier (19, 22, 29) , and was increased significantly in EPI-or NE-treated cells (Fig. 3B) . These data confirmed that both EPI and NE regulate TfR1 expression by promoting mRNA stability. TfR1 mRNA stability is usually regulated by binding of IRPs to IREs present in its 3Ј-UTR. Similarly, ferritin translation is also regulated by the single IRE present in its 5Ј-UTR. Decreased Ft-H protein levels, but unaltered levels of Ft-H mRNA in response to EPI/NE, suggest translational blocking mediated by its 5Ј-UTR. To examine that, we transfected C2C12 cells with pGL3-control vector or pGL3control vector in which 5Ј-UTR of ferritin was cloned upstream of the luciferase gene ( Fig. 3C, upper panel) . Transfected cells were then treated with EPI/NE or kept untreated. Result showed significant inhibition (up to 85%) of luciferase activity with increasing concentration of EPI or NE treatment for ferri-tin-5Ј-UTR containing vector, but no effect was detected with only pGL3-control-transfected cells (Fig. 3C, lower panels) .
Catecholamines Increase IRE-IRP Interaction-Our earlier results suggest that EPI/NE may regulate TfR1 and Ft-H by modulating IRE-IRP interaction. To verify that, we examined IRE-IRP interaction in NE-treated HepG2 cells. When 32 P-labeled TfR1-IRE probe was incubated with cytosolic extracts isolated from untreated or NE-treated cells (19, 21, 22) , an increased IRE binding activity was detected with increasing concentrations of NE (0 -30 M) (Fig. 4A ). The iron chelator desferrioxamine (DFO) was used as a positive control (Fig. 4A) . To examine whether the increased binding of IRE was due to IRPs, an equal amount of cytosolic extracts from control-, EPI-, or DFO-treated HepG2 cells was incubated with 32 P-labeled TfR1-IRE in the presence of IRP1 or/and IRP2 antibody. EPIinduced IRE binding complex was reduced/disappeared in the presence of both IRP1 and IRP2 antibodies when used individually or together, whereas nonspecific Fpn antibody did not show any effect on increased IRE complex formation (Fig. 4B) . A similar result of reducing/disappearing of the IRE binding complex induced by the iron chelator DFO was also detected with IRP1 or IRP2 antibody (Fig. 4B ), suggesting that the induced complex might be due to IRPs.
To further verify that EPI/NE blocked Ft-H translation due to increased IRP binding to its 5Ј-UTR-IRE, cytosolic extracts from untreated and EPI-, NE-, or DFO-treated HepG2 cells were incubated with 32 P-labeled Ft-IRE, and an RNA gel-shift assay was performed. A strong increase in IRE binding activity was detected with EPI, NE, or positive control DFO (Fig. 4C ). Ferritin-IRE is a conserved sequence of a 28-nucleotide-containing hairpin loop in which binding of IRPs is dependent on the presence of G at position 18 (23, 24) . Mutation of this G to A is known to abolish the IRP binding completely (24) . Because the RNA gel-shift assay with TfR1-IRE using IRP1 and/or IRP2 antibody (Fig. 4B ) was suggestive but not confirmatory of IRPs binding to IRE, we used G to A mutation of the Ft-IRE probe to examine the specificity of the IRP binding. Thus, when 32 Plabeled Ft-IRE-mut probe was incubated with cytosolic extracts from untreated or EPI-, NE-, or DFO-treated HepG2 cells, no IRE binding was detected (Fig. 4C) . A similar increase in IRP binding to the Ft-IRE was also obtained with cytosolic extract of EPI/NE/DFO-treated C2C12 cells, but not with the Ft-IRE-mut probe (Fig. 4D) . These results confirmed that EPI/NE could induce IRE-IRP complex formation. Interestingly, ferroportin-IRE did not show any increased binding with cytosolic extract isolated from EPI/NE-treated HepG2 cells (Fig. 4E) . Increased Ft-IRE complex formations were detected with cytosolic extracts isolated from the liver of EPI/NE-injected mice, but the complex formation was completely lost when Ft-IRE-mut probe was used ( Fig. 4F) . Similarly, cytosolic extracts isolated from skeletal muscle of EPI/NE-injected mice showed increased IRE-IRP interaction (Fig. 4G ). All these results strongly suggest that EPI/NE modulate IRPs binding to IREs both in vitro and in vivo.
Catecholamines Induce IRE-IRP Interaction Mediated by ROS-To determine the mechanism of EPI/NE-induced activation of IRPs, we initially verified expressions of IRPs by immunoblot analysis. EPI/NE treatment did not show any significant change in IRP1 or IRP2 expression ( Fig. 5, A and B) , suggesting the conversion of ACO1 to the high affinity RNA binding IRP1 form. Therefore, we determined cytosolic aconitase activity in EPI/NE-treated HepG2 cells. We detected a dose-dependent decrease in aconitase activity with increasing concentrations of EPI or NE treatment (Fig. 5C ). We also determined IRP1 and IRP2 expressions in cytosolic extracts of liver and muscle tissues of EPI/NE-injected mice and found no detectable change by immunoblot analysis as compared with vehicle-injected mice (Fig. 5, D and E) . However, cytosolic aconitase activity was decreased about 50 -55% in the liver and about 55-60% in muscle of EPI/NE-injected mice (Fig. 5F) . Conversion of cytosolic aconitase to IRE binding IRP1 is usually promoted by depletion of cellular labile iron pool or increased ROS or NO generation (30, 31) . We did not detect any change in calcein-sensitive labile iron pool in either HepG2 or C2C12 cells by EPI or NE treatment (data not shown); how-ever, a strong increase in ROS generation was detected using ROS-sensitive fluorescent dye DCFH in both cell types, which was blocked by the antioxidant N-acetyl cysteine (NAC) (Fig.  6A) . EPI/NE-induced ROS generation was detected maximally between 0.5 and 1 h but reduced to basal level after 2 h of In both cases, cells were pretreated with NAC (7.5 mM) or L-N G -nitroarginine methyl ester (L-NAME) (1 mM) for 30 min before the catecholamine treatment. TfR1 expression was quantified after normalization with actin (histograms below). Error bars indicate S.D. from three independent experiments. treatment (data not shown). NAC completely blocked EPI/NEinduced IRE-IRP binding (Fig. 6B ) and altered cytosolic aconitase activity (Fig. 6C) in HepG2 cells. Moreover, EPI-( Fig. 6D) and NE (Fig. 6E )-induced TfR1 expression was completely blocked only by NAC but not by NO blocker L-N G -nitroarginine methyl ester. All these results strongly suggest that EPI/NE-induced ROS generation is necessary for increased IRE-IRP interaction.
EPI and NE Promote Mitochondrial Iron Content and ACO2 Activity-A recent study suggests that the IRE-IRP system plays a crucial role in the mitochondrial iron management as IRP null mice suffer from mitochondrial iron deficiency in hepatocytes (9) . Because we detected a strong activation of IRE-IRP system by EPI and NE, we estimated mitochondrial iron (Mit-Fe) content after EPI/NE treatment in both HepG2 and C2C12 cells. More than 2-fold increase in Mit-Fe content was detected in both cell types (Fig. 7A ). The increase in Mit-Fe content was inhibited when HepG2 cells were pretreated with antioxidant NAC (Fig.  7B ). Our earlier results (Fig. 5 ) suggest that IRP1 may play the predominant role in EPI/NE-induced IRE-IRP interaction. Thus, we blocked IRP1 expression in HepG2 cells by transfecting two different sets of IRP1-specific siRNA to determine its effect on EPI/NE-induced Mit-Fe content. We detected more than 90% decrease in IRP1 expression in IRP1-1 siRNA-transfected cells and an ϳ80% decrease in IRP1-2 siRNA-transfected cells than FIGURE 7 . Catecholamines increase mitochondrial iron content mediated by IRP. A, HepG2 and C2C12 cells were treated with 30 M EPI, NE, or medium alone (None). After 16 h, mitochondria were isolated ,and total iron was estimated using a standard. B, similarly, mitochondrial iron was estimated in HepG2 cells with prior treatment of 7.5 mM NAC for 30 min. C, HepG2 cells were transfected with control (Cont)-or IRP1-specific siRNAs (IRP1-1 and IRP1-2). After recovery, Western blot analysis was performed with either IRP1 or actin antibody. Densitometric analyses of these blots were shown in the bottom panels. Error bars indicate S.D. from three independent experiments. D, estimation of mitochondrial iron was performed in control-and IRP1 siRNA-transfected cells after treatment with 30 M EPI/NE or medium alone (None) for 16 h. E, ACO2 specific activity (ACO2 Sp. Activity) was assayed in mitochondrial extracts isolated from HepG2 and C2C12 cells after treatment with 30 M EPI/NE or medium alone (None) for 16 h. F, C2C12 cells were pretreated with 7.5 mM NAC for 30 min and then exposed to 30 M EPI/NE or medium alone (None). After 16 h, an aconitase assay was performed on mitochondrial extracts. G, HepG2 cells were transfected with control-or IRP1-specific siRNAs, and an ACO2 activity assay was performed in mitochondrial extracts isolated from transfected cells after treatment with 30 M EPI/NE or medium alone (None) for 16 h. H, Western blot analyses were performed in mitochondrial extracts with ACO2, porin, and GAPDH antibody after a 16-h treatment of medium alone (None) or EPI/NE (30 M) . The bottom panel shows the Coomassie Brilliant Blue-stained PVDF membrane after the blot (IB) was performed for GAPDH. The side panel represents densitometric analysis of ACO2 expression with porin as loading control from three independent experiments. in control siRNA-transfected cells (Fig. 7C) . The result showed that blocking of IRP1 expression inhibited EPI/NE-induced Mit-Fe content almost completely (Fig. 7D) . Moreover, reduction of basal IRP1 expression also caused decreased Mit-Fe content even in untreated cells (Fig. 7D ). It was earlier reported that cellular iron content regulates TCA cycle enzymes such as mitochondrial aconitase (ACO2) (1, 9) ; therefore, we determined ACO2 activity in mitochondrial extract isolated from EPI/NE-treated cells. ACO2 activity was increased up to 10 -15-fold in both cell types (Fig. 7E ), and this activity was blocked by NAC ( Fig. 7F ). Attenuation of IRP1 expression by siRNAs also blocked the increase in ACO2 activity (Fig. 7G ). This result is in agreement with earlier findings that IRPs play the essential role for iron supplementation in mitochondria (9) . Interestingly, increased IRE-IRP interaction should inhibit ACO2 expression due to the presence of an active IRE in its 5Ј-UTR (32) . When we verified ACO2 expression by Western blot analysis, an ϳ35-40% decrease was detected by EPI/NE treatment (Fig. 7H) , implying posttranslational iron incorporation for increased ACO2 activity due to EPI/NE exposure to cells. The purity of the mitochondrial fraction was determined by the presence of porin and absence of cytosolic protein GAPDH by Western blot analysis (Fig. 7H ). All these results strongly suggest that EPI/NE regulate mitochondrial iron homeostasis by ROSsensitive modification of IRE-IRP interaction.
DISCUSSION
Little is known regarding regulation of iron homeostasis in response to stress hormones such as EPI and NE. In this study, we found that EPI and NE both could increase IRE-IRP interaction to regulate iron homeostasis in hepatic and skeletal muscle cells. Increased IRE-IRP interaction, increased TfR1, and decreased Ft-H expressions were also detected in tissues of EPI-and NE-injected mice. This study also revealed that EPI/NE promotes mitochondrial iron supply through IRE-IRP interaction.
In mammals, EPI and NE regulate several enzymes of carbohydrate and lipid metabolism in various organs, including the liver and skeletal muscles, for energy generation (10, 11) . They also increase activities of several enzymes participating in the TCA cycle and the electron transport chain (33, 34) . For several of these enzymes, iron acts as cofactor. Thus, our finding of EPI and NE as direct regulators of iron homeostasis in liver and muscle cells is complementary with the physiological functions of these stress hormones. Our data may also explain iron overload detected in hepatic disorders, where the chronic release of catecholamines is part of the tissue repair response or defense against stress by the sympatho-adrenal medullary system (35, 36) . Iron overload reported in liver diseases such as fibrosis and hepatocellular carcinoma (37, 38) may be caused by continuous exposure to elevated levels of catecholamines leading to gradual accumulation of iron.
IRPs are critical for maintaining cellular iron homeostasis by binding to IREs present in mRNAs of several iron homeostasis genes including TfR1, ferritin, and ferroportin. IRPs also regulate enzymes involved in cellular energy homeostasis such as ACO2 and succinate dehydrogenase (SDH) (32, 39, 40) . We found that EPI or NE enhanced binding of IRP to the IREs present in the TfR1 3Ј-UTR to increase its transcript stability ( Fig. 3B) and at 5Ј-UTR of Ft-H mRNA to block its translation (Fig. 3C) . The coordinated regulation of TfR1 and ferritin FIGURE 8 . A model suggesting the role of EPI/NE in iron homeostasis of hepatic/muscle cells. Stress-induced release of EPI/NE binds to specific receptor to trigger intracellular ROS generation. ROS convert cytosolic aconitase to IRP1 that binds to IREs present in UTRs of TfR1 and ferritin to increase TfR1 mRNA stability and block ferritin translation, resulting in increase in the cellular iron pool. These events also promote mitochondrial iron content to increase the activity of iron-containing enzymes such as ACO2 of the TCA cycle, possibly to influence energy homeostasis in EPI/NE-exposed cells. Elevated mitochondrial iron may also be transported to other iron-containing mitochondrial proteins/enzymes (Fe-proteins) required for maintaining cellular homeostasis. expressions in iron-depleted condition is well understood (41) , but a similar regulation of TfR1 and ferritin due to increased IRE-IRP interaction by stress hormones has never been reported. The cellular iron exporter ferroportin also contains a single IRE in the 5Ј-UTR of its mRNA and is known to be regulated by cellular iron status (41, 42) . Interestingly, we detected unaltered ferroportin expression by EPI ( Fig. 1E ) and ferroportin-IRE binding activity by catecholamines (Fig. 4E) . No depletion in the cellular labile iron pool in EPI/NE-treated cells was detected by fluorescent dye calcein-AM (data not shown). This finding is consistent with earlier studies suggesting that ferroportin could be regulated only during iron deficiency-induced IRE-IRP interaction (43, 44) . However, the reason for the failure of ferroportin-IRE-IRP interaction in response to EPI/NE is far from clear and needs future study. More importantly, unaltered ferroportin expression suggests the need for iron for intracellular metabolic activity in EPI/NEtreated cells. Our finding of increased mitochondrial iron content and ACO2 activity supports this view. Interestingly, ACO2 also contains a single IRE in its 5Ј-UTR (1, 32, 40) . We detected decreased ACO2 protein levels in EPI/NE-treated cells (Fig. 7H ), probably due to increased IRE-IRP interaction. However, ACO2 activity was increased more than 10 times in EPI/NE-treated cells (Fig. 7E) , potentially due to its posttranslational modification from increased available iron to form [4Fe-4S] cluster (1, 9, 18) . Blocking of increased ACO2 activity by antioxidant and IRP1 siRNA transfection (Fig. 7 , F-G) further supports this view.
Among two cytosolic IRPs, the RNA binding activity of IRP1 is regulated by several factors, including cellular iron level, ROS (5, 30, 45) , and nitric oxide (6, 7, 30) , whereas IRP2 is regulated mostly by cellular iron level (8) . We found that EPI-and NE-induced ROS generation decreased cytosolic aconitase activity and increased IRE-IRP interaction ( Figs. 5 and 6 ), suggesting the predominant role of IRP1 in this mechanism. Unaltered IRP2 expression also supported this view ( Fig. 5, A, B , D, and E). Blocking of EPI/NE-induced iron content of mitochondria and ACO2 activity by antioxidant NAC and IRP1 siRNA transfection ( Fig. 7) also suggests that IRP1 alone may be sufficient in EPI/NE-mediated regulation of cellular iron homeostasis.
We detected a strong increase in fluorescence of the ROSsensitive molecule DCF by EPI/NE, which was blocked by antioxidant NAC (Fig. 6A ). Blocking of IRE-IRP interaction (Fig.  6B) ; decreased cytosolic aconitase activity (Fig. 6C) ; and increased TfR1 synthesis (Fig. 6 , D and E) by NAC confirmed involvement of ROS. Moreover, NAC also completely blocked increased mitochondrial iron content and ACO2 activity ( Fig.  7 ), suggesting that ROS generation is the key signal for EPI/ NE-mediated regulation of cellular iron homeostasis. Catecholamines have been previously reported to generate ROS in different cell types (46, 47) . Further study is needed to detect the cellular site of EPI/NE-mediated ROS generation or exact species involved in this mechanism.
In summary, our results show that stress hormones EPI and NE are potential regulators of cellular iron homeostasis. We reveal that EPI/NE promote mitochondrial iron content and ACO2 activity by ROS-mediated activation of IRP1 (Fig. 8 ). We speculate that this alteration of cellular iron homeostasis is nec-essary to adapt to changes associated with this catecholamineinduced metabolism and to restore energy balance.
